The purpose of this study was to evaluate how the temperature affects the stability of polymerized additional photoinitiator-containing composite resins. Five resin products were light-cured using a quartz-tungsten-halogen, and single and dual emission peaks lightemitting diodes. The degree of conversion (DC) and water sorption, solubility, and color change of the specimens were evaluated after immersion in the solutions of different temperatures (4, 37, and 60ºC) for 14 days. On the top surface, the light-curing units had no significant influence on DC of the tested specimens. On the bottom surface, the influence was inconsistent. As the solution temperature increased, water sorption also consistently increased in all specimens, whereas solubility changed inconsistently. Water sorption and solubility had a high linear correlation only at low temperature solution. Color change of the specimens was similar, mostly slight, and statistically inconsistent regardless of solution temperature. The restored composite resins are needed to avoid contact with hot solutions for durable dental restoration.
INTRODUCTION
Camphorquinone (CQ)-based light-curing dental composite resins are widely and successfully in use for dental restorations in conjunction with blue light-curing units (LCUs). When CQ absorbs blue light, it excites and abstracts hydrogen atom from tertiary amines (photoactivator), forms free radicals, and initiates the polymerization process. The advantage of CQ as photoinitiator is in its absorption spectrum that matches with the emission spectra of LCUs over all range. However, yellow CQ has an unbleachable chromophore group 1) , and even with small amounts, the yellowness of CQ significantly affects the resultant color of composite resins. If the concentration of CQ exceeds a critical limit, unreacted residual CQ molecules and amines can cause problems in color match with neighbor teeth and color stability during restoration 2, 3) . To overcome the aesthetic problem caused by CQ, some additional photoinitiators (APIs), such as 2,2-dimethoxy [1, 2] diphenyletanone (DMBZ), 1-phenyl-1,2-propanedione (PPD), and diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (Lucirin TPO) have been proposed as coinitiators [4] [5] [6] . Unlike CQ, these photoinitiators have absorption bands primarily in the ultraviolet (UV) region. Both Lucirin TPO and PPD have their absorption peak near 390 nm. By combining API with CQ, a less yellowing effect and ultimately improved curing efficiency may be expected. Recently, some photoinitiators were analyzed to have been contained in commercial resin products, even though the manufacturers did not openly state about it 7, 8) . To activate CQ, quartz-tungsten-halogen (QTH) lamp-based LCUs were successfully used for a long time because of their excellent spectral match with the absorption band of CQ, from UV to the visible region [9] [10] [11] . The light intensity of the UV region is approximately 0-30% of the peak intensity of the visible region. Most light-emitting diodes (LEDs) emit narrow and single peak light at 430-500 nm. Their apparent spectral difference compared with the QTH units is the absence of UV light. To overcome this problem, recently, LEDs that emit both UV and visible lights (dual peaks) have been developed. Since the light in the UV region (the secondary emission peak of the recent LEDs) partly matches with the absorption peak of many coinitiators (for example, Lucirin TPO and PPD), challenging the API-containing composite resins with these dualpeak LEDs may be possible [12] [13] [14] . However, due to their recent introduction in dentistry, studies regarding the influence of dual-peak LEDs on API-containing composite resins are rare.
The human oral cavity is exposed to a broad range of temperature variations depend on the foods served and the dietary habits of each individuals. In general, the cavity can be exposed to thermal conditions ranging from 0˚C to 60-70˚C depend on the served cold or hot foods, even though such thermal conditions do not persist for long due to heat dissipation by pulpal, periodontal, and osseous circulation [15] [16] .
Effect of temperature on the mass and color stability of additional photoinitiatorcontaining composite resins The purpose of the present study was to evaluate the effect of temperature on the polymerized APIcontaining composite resins. For the study, mass and color stability of API-containing composite resins were tested. The hypothesis to be tested was that mass (water sorption, solubility) and color changes of the light-cured API-containing specimens consistently depend on temperature.
MATERIALS AND METHODS
For the study, five different composite resins [only CQ-containing: Point 4 (P4) and Filtek Z350 (Z3); APIcontaining in addition to CQ based on Price et al.'s 7) evaluation: Aeliete LS Posterior (AL), Tetric EvoCeram (TE), and Vit-l-escence (VT)] all with the same shade A3 were used. Their composition and details are listed in Table 1 .
The light absorbance of photoinitiators [(CQ, PPD), Sigma-Aldrich, St. Louis, MO, USA; (DMBZ, Lucirin TPO), BASF, Ludwigshafen, Germany] was measured using a UV-VIS-NIR spectrophotometer (CARY 5G, Varian, Victoria, Australia). For this, CQ and PPD were dissolved using 0.1% methanol, and DMBZ and Lucirin TPO were dissolved using 0.1% ethanol. For the immersion of the light-cured specimens, test solutions of three different temperatures (4, 37, and 60˚C) were prepared using deionized water to mimic three critical temperature situations in the oral cavity by foods, drinks, and body temperature.
For light curing, one QTH LCU [Hilux 601 (HX), First Medica, Greensboro, NC, USA] and two LED LCUs [one peak: L.E.Demetron (DE), Kerr, Danbury, CT, USA; dual peaks: G-light (GL), GC Corp., Tokyo, Japan] were used. The emission spectra of the LCUs were measured using a photodiode array detector (M1420, EG&G PARC, Princeton, NJ, USA) connected to a spectrometer (SpectroPro-500, Acton Research, Acton, MA, USA). The output light intensity of HX, DE, and GL was approximately 900 mW/cm 2 , as measured using the built-in radiometer.
The number of photons transmitted through the specimens of different thicknesses was measured using the same detector and spectrometer mentioned above. The light-cured specimens of different thicknesses (diameter: 7 mm; thickness: 1, 2, and 3 mm) were placed over a stage (thickness: 1 mm) where there is a hole of diameter 6.6 mm. Light from the LCU was irradiated from above the hole. Under the hole, the detector was placed in a fixed position to measure photons with consistency.
To evaluate the DC, the specimens (diameter: 7 mm; thickness: 3 mm; n=5 for each condition) were light cured for 40 s, aged for 24 h in a 37ºC dry chamber. Thereafter, each top and bottom surface of the specimen was scratched (at the depth of 100-150 μm) using a scalpel to obtain the powder. The collected powder was dissolved in ethanol for transmission FTIR (Nicolet 6700/8700, Thermo Fisher Scientific Inc., Waltham, MA, USA). Thirty two scans were obtained at 0.09 cm −1 resolution in 7,800-350 cm −1 wave number range. The DC of the cured resins was evaluated using the baseline technique. The peak area from the stretching vibrations of C=C bonds (1,636 cm −1 ) and the reference C-C aromatic ring bonds (1,608 cm −1 ) were determined. The paste of the uncured resins was similarly tested. The DC (%) was calculated using the following formula:
For the measurements of mass change (water sorption and solubility), the specimens (n=7 for each case from each product) were prepared according to the ISO 4049 standards 17) . A ring-type metal mold (inner diameter: 15 mm, thickness: 1 mm) was placed over the thin slide glass. Each resin was placed in the mold, and the top surface was covered with a thin slide glass, pressed to make the surface flat before light curing for 40 s. According to the ISO 4049, each specimen received nine overlapping steps of light irradiation for 360 s on one side. The reverse side was then treated with the same manner. The specimens were removed from the mold and placed in a desiccator for 22 h at 37˚C and then for 2 h at 24˚C. Subsequently, the weight was measured to an accuracy of ±0.001 mg (according to ISO 4049, an accuracy of ±0.1 mg is sufficient) by using an analytical balance (Sartorius CP2P, Goettingen, Germany). This cycle was repeated until a constant mass m 1 was obtained (in this study, a deviation of less than 0.005 mg was assumed to be constant). After the completion of the m 1 measurement, specimens were then immersed in the designated test solution for 14 days. At this time, each specimen was placed in a tube filled with 15 mL of test solution. After 14 days, the specimens were removed from the tube, and the solution on the surfaces was blotted away until there was no visible moisture. The specimen was then waved in the air for 15 s, and weighed (m 2) 1 min after removal from the tube. Subsequently, the specimens were placed in a 37˚C desiccator and weighed every 24 h until a constant mass (m 3) was obtained. The specimen volume (V) was determined by measuring the specimen diameter at right angles to each other and the thickness at the center of the specimen as well as at four equally spaced points on the circumference using Vernier calipers (series 530, Mitutoyo, Tokyo, Japan) with an accuracy of 0.02 mm. Water sorption (Wsp) and solubility (Wsl) were calculated using the formulas, Wsp=(m 2-m3)/V and Wsl=(m1−m3)/V, respectively, where V (mm 3 ) is the specimen volume and m1, m2, and m 3 are the masses of the specimen before immersion, after immersion for 14 days at 37˚C, and after immersion and drying, respectively.
To measure the color change of the specimens during the immersion in various test solutions, resins (n=7 for each test solution) placed in a metal ring mold (inner diameter: 7 mm, thickness: 1 mm) were light cured for 40 s, and aged for 24 h in the 37˚C dry chamber. To measure the color of the specimens, a spectrophotometer (CM3600d, Konica Minolta, Osaka, Japan) was used. The initial color of the light-cured specimens was measured by placing the specimen at the center of the target mask under the Reflectance (%R) mode. This target mask has a hole of 6 mm at the center. This hole enables consistency in specimen placement during measurements. After the first color measurement, each specimen was immersed in the designated test solution for 14 days. During the treatments, the solution was replaced daily. After 14 days, specimens were removed from the test solution and rinsed with running water. The remaining water was removed with tissue paper. The second measurement was immediately performed under the same conditions. From the measured reflectance data, the CIEL*a*b* color values were evaluated using the internal software of the measurement system. The color difference (ΔE*) was obtained using the following formula:
where Δ represents the difference between the first and second measurements. Here, L* represents the degree of gray, and it corresponds to a lightness. Parameter a* represents the red-green axis, whereas b* is a parameter for the blue-yellow axis.
The results of each test were analyzed using twoway ANOVA for LCU and resin product (for DC) or for LCU and temperature (for water sorption, solubility, and color change). A post hoc Tukey test was followed by a multiple comparison procedure. All tests were analyzed at p<0.05.
RESULTS
The emission spectrum of the LCUs and the absorption spectrum of the APIs are shown in Fig. 1 . Excluding CQ, all APIs had their absorption peaks in the UV region. The absorption spectrum of PPD ranged from UV region to 470 nm. Among the LCUs, HX showed the widest spectral distribution; its emission starts from approximately 380 nm. GL showed two emission peaks at 406 and 467 nm. The intensity of the secondary peak at 406 nm was much lower (<7%) than that of the principal peak at 467 nm. Figure 2 shows the spectral distribution of the incident light in the specimens of different thicknesses. AL exhibited much greater photons decrease compared to that of TE regardless of the tested LCUs (according to our preliminary tests, AL and TE showed the highest and lowest light attenuation, respectively, among the tested products). The number of the detected photons (their emission wavelengths from GL were 406 and 467 nm) in AL and TE are shown in Table 2 . In the absence of a specimen, the detected photons of 406 nm were approximately 7% of the photons of 467 nm. However, in 3-mm TE, the ratio of the detected photons between two peaks decreased to 1.9%. Table 3 shows the DC of the specimens on the top and bottom surfaces. On the top surface, the DC difference by the different LCUs had no statistical significance (p>0.05). On the bottom surface, AL showed the lowest (36.6-44.3%) DC value. Among the LCUs, DE produced significantly different DC values on the specimens (p<0.001). However, the effect of LCU on the DC of the tested specimens had no consistency. Table 4 shows the result of water sorption (μg/mm 3 ) after immersion in solutions of different temperatures for 14 days. For each product, the effect of temperature on water sorption was significant (p<0.001). In many cases, the effect of LCU on water sorption was not significant and did not show a consistent trend. In all products, water sorption increased as the solution temperature increased.
The solubility (μg/mm 3 ) of the specimens after immersion in solutions of different temperatures for 14 days is shown in Table 5 . The effect of temperature and LCU on solubility was not consistent and did not show a specific correlation and trend. The maximum water sorption and solubility, regardless of the test conditions, were 38.2 and 5.2 μg/mm 3 , respectively. CIEL*a*b* color coordinates and color changes in the specimens after immersion in solutions of different temperatures for 14 days are shown in Tables 6 and 7 . Color changes at different temperatures ranged from 0.6 to 3.0 for API-containing specimens and 0.9 to 3.5 for only CQ-containing specimens. However, the effect of temperature in conjunction with LCU and resin product did not show a consistent trend.
DISCUSSION
Recently, several composite resins that contain APIs have been introduced. The contained API in addition to CQ is expected to lower the yellowing effect in composite resins with similar or better polymerization compared to that of only CQ-containing composite resins. The apparent spectral difference between APIs and CQ is the position of the absorption peak. These APIs have absorption peaks in the UV region (<400 nm), and their spectral distributions do not exceed over 420 nm (PPD has exceptionally long distribution which is close to 475 nm).
Regarding LCUs, the tested LCUs have different emission patterns. Among the LCUs, HX, the QTH LCU, showed the widest spectral distribution of 380-520 nm. Some absorption peaks of the APIs (Lucirin TPO and PPD) overlapped with the emission spectrum of HX. DE, the single-peak LED LCU, had much narrower emission range (430-500 nm) than HX and the light overlapped only with the tail part of PPD absorption band. GL, the dual-peak LED LCU, had the secondary emission peak at 406 nm. The intensity of this secondary peak was much lower (<7%) than that of the principal peak at 467 nm. The secondary peak overlapped with PPD near its absorption peak and with Lucirin TPO at the end of its absorption band. However, despite of this overlap, the influence of the secondary peak is questionable because of its low intensity (in other words, less photon). In addition, since the light of shorter wavelengths is scattered much further than the light of longer wavelengths (by the Raleigh scattering formula), the transmission of light near the UV region can be significantly reduced within the specimen 18) . The DC of the specimens indicates the degree of monomers conversion to polymer networks. The degree depends on external light and material itself. Concerning the external light, light intensity, light distribution, and irradiation mode (not relevant to the present study) can be involved. Light intensity is related with the number of photons, so as the intensity increases, the number of photons increases as well. Spectral match between the incident light and photoinitiators is important in that the incident light activates photoinitiators for the initiation of the polymerization process. In the spectral point of view, QTH LCU (HX) focuses on the activation of all CQ absorption band, whereas LED LCUs (DE and GL) focus only on the absorption peak of photoinitiators (CQ and coinitiator). However, whether the incident light has wide spectral distribution that is enough to cover all the absorption band of photoinitiator (CQ) or narrow but mainly focus on the absorption peak(s) of photoinitiators (CQ and coinitiator), the resultant DC (on the top surface) by each LCU had no consistent trend and no statistically significant dependence on LCU (p>0.05). Since DC had no consistent dependence on LCU, the choice of any specific LCU for the light curing of API-containing composite resins seems not critical in achieving high DC, but needs to be cautious in selecting the resin product for a reliable restoration. The lowest DC of AL on the bottom surface, despite the highest filler content, may be related to the greatest attenuation of the incident light in AL. Generally other factors such as photoinitiator concentration, monomers commixture ratio, and degree of crosslink can also be involved to the resultant DC in addition to the light attenuation [19] [20] [21] . In the oral cavity, the restored composite resins always interact with water. While the composite resin interacts with extraneous water, water uptake into the composite resin takes place through a diffusion-controlled process. The sorption and solubility of the composite resins appear to be related to the hydrophilicity of the resin matrix and the composition and content of the fillers. Bis-GMA and TEGDMA have high water sorption values because of their hydrophilic nature. On the other hand, Bis-EMA has low water sorption value due to the hydrophobic group within its structure 22, 23) . Among the monomers, the polymer network of TEGDMA is known to have significantly higher water sorption value than Bis-EMA, Bis-GMA, and UDMA 24) . As a result, TEGDMAbased composite resins release much monomers compared to Bis-GMA and UDMA-based composite resins 25) . In the resin matrix, the ratio of these monomers is important in that it affects the refractive index and the resultant degree of polymerization 26) . However, in the commercial products, the contained monomers and the ratio of their commixtures are so diverse and not fully disclosed that evaluation of their effect on sorption and solubility is not a simple task.
When composite resins interact with water, the external water diffuses into the resin matrix through the resin-filler interfaces and internal defects. In this situation, the diffusion will be affected by factors such as monomer chemistry, degree of polymerization, fillers, and interfacial properties between the filler and resin matrix 27, 28) . In the present study, each resin product showed a much different water sorption. Among the specimens, AL showed the lowest water sorption, which may be due to the highest filler content of AL among the specimens in addition to the containing of hydrophobic Bis-EMA. In other words, due to the lowest resin content, the capacity to absorb water into the resin matrix through the interface will be highly reduced. On the other hand, VI did not show the highest water sorption even though VI contains the lowest filler content. The highest sorption of Z3 may be related to its nanofillers and hydrophilic Bis-GMA. Since nanofillers have large surface area to volume ratios, water uptake can be increased relative to that of other microhybrid fillerscontaining composite resins. In addition to these factors, poor impregnation of aggregates and less polymerization of resin matrix can increase water sorption 29, 30) . For the solutions of different temperatures, each resin product exhibited much different water sorption values. However, regardless of the resin products, water sorption significantly and consistently increased as the solution temperature increased, which may be partly due to the expansion of the specimen. As the specimen expands, water uptake through the interface and internal defects can be increased by the increased area of these interface or defects. Contrarily, as the temperature increases, the monomer conversion to polymer and the degree of polymerization also increase, then the channels for water uptake can be reduced 31) . After all, increased water sorption due to increased temperature will be the result of these complex interactions and the hypothesis is acceptable. However, for water sorption of the specimens, LCUs had no consistent influence.
The solubility of composite resins reflects the release of unreacted residual monomers and dissolution of filler particles from the surface and within the resin structure 32) . The highest solubility in Z3 may be due to the low DC and highest water sorption among the specimens. Much of the residual monomers would have released by the large amount of absorbed water. Low solubility in AL and VI may be due to the lowest water sorption and highest content of less water-soluble fillers in AL and the highest DC and low water sorption of VI, respectively. The correlation between water sorption and solubility at 4, 37, and 60ºC was 0.88, 0.54, and 0.56, respectively. A high linear correlation at 4ºC may imply that the amount of the absorbed water is directly related to the amount of release from the specimen at the low storage temperature condition. However, the solubility of each resin product showed inconsistent dependence on temperature, the hypothesis has to be rejected. According to ISO 4049, the allowed water sorption and solubility limits are ≤40 µg/mm 3 and ≤7.5 μg/mm 3 , respectively. In the present study, all specimens showed lower values than these limits regardless of the test conditions. The inconsistent influence of LCUs on the solubility of the specimens may imply that the water sorption and solubility of the tested specimens are also influenced by the resin product as LCU did.
Color stability is highly important in the recent restorative composite resins due to the emphasis on aesthetics. Among the influencing factors, polymeric structure and photoinitiator systems are important 33, 34) . Unlike CQ, APIs were expected to have a lower yellowing effect. Yellowing and discoloration of the composite resins are mainly due to the unreacted CQ molecules, which have unbleachable chromophores, and oxidation of the residual amines 24) . In the present study, the effect of temperature on the color change was low and inconsistent regardless of the resin products tested. The hypothesis has to be rejected. In addition, the effect of LCU on the color change was inconsistent. The color change of the API-containing composite resins (AL, TE, and VI) was similar to that of only CQ-containing composite resins (P4 and Z3). From the data, the resultant color change had no consistent correlation with DC, water sorption, solubility, and LCU. Since the staining agents and the residual unreacted CQ and amines move out by the water absorbed into the specimen during water sorption, inconsistent water sorption and solubility will result in inconsistent color change.
CONCLUSIONS
Within the limitation of this study, water sorption showed high dependence on solution temperature, so water sorption consistently increased as solution temperature increased, whereas solubility had no such consistent dependence on solution temperature. A high linear correlation between water sorption and solubility was found only in the solution of low temperature. In other temperatures, high water sorption did not automatically mean high solubility. In any cases, water sorption and solubility did not exceed the maximum limits set by ISO 4049. Color change showed inconsistent relation with solution temperature. The resultant color change was slight, and the degree of color change in API-containing and only CQ-containing specimens was similar.
